During bell pepper (Capsicum annuum L.) fruit ripening, -galactosidase activity increased markedly as compared with other glycosidases. We purified 77.5 kDa exo-1,4--D-galactanase from red bell pepper fruit classified as -galactosidase II. A marked decrease in galactose content appeared during fruit ripening, especially in the pectic fraction. The purified enzyme hydrolyzed a considerable amount of galactose residues in this fraction. We isolated bell pepper -galactosidase (PBG1) cDNA. This PBG1 protein contained the putative active site,
During bell pepper (Capsicum annuum L.) fruit ripening, -galactosidase activity increased markedly as compared with other glycosidases. We purified 77.5 kDa exo-1,4--D-galactanase from red bell pepper fruit classified as -galactosidase II. A marked decrease in galactose content appeared during fruit ripening, especially in the pectic fraction. The purified enzyme hydrolyzed a considerable amount of galactose residues in this fraction. We isolated bell pepper -galactosidase (PBG1) cDNA. This PBG1 protein contained the putative active site,
G-G-P-[LIVM]-x-Q-x-E-N-E-[FY]
, belonging to glycosyl hydrolase family 35 . Quantitative RT-PCR revealed that the expression of PBG1 in red fruit was significantly stronger than that from any other tissues. Moreover, expression of PBG1 occurred prior to that of pepper endo-polygalacturonase 1 (PPG1), the major fruit-ripening enzyme. Based on these results, it appears that the hydrolysis of galactose residues in pectic substances is the first event in the ripening process in bell pepper fruit.
Key words: bell pepper; -galactosidase; fruit ripening; pectin
In bell pepper (Capsicum annuum L.) fruits, a dramatic change in color (from green to red) and in the texture of the walls occurs during the ripening process. Fruit development, ripening, and softening involve numerous modifications to cell-wall polysaccharides. Several enzymes and proteins, such as polygalacturonase (PG), pectin methyl esterase (PME), pectin lyase (PL), -galactosidase, xyloglucan endotransglycosylase, endo--1,4-glucanase, and expansin, are involved in fruit development, ripening, and softening (mainly studied in tomato, Lycopersicon esculentum [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ). In particular, fruit softening is caused by pectin depolymerization and solubilization by pectinmodifying enzymes, such as PG, PME, and PL. PG causes fruit softening by degrading homogalacturonan (HGA) in pectic polysaccharides, but, later reports have indicated that another enzyme might be involved in fruit softening. 8, 14, 15) -galactosidase (EC 3.2.1.23) may be one of the key enzymes in fruit ripening. It exists widely in microorganisms, plants, and animals. This enzyme is classified into the glycoside hydrolase families (GHF) 1, 2, 35, and 42. In higher plants, -galactosidase activities have been detected in various tissues. Recently, increases in -galactosidase activity and the expression level of -galactosidase mRNA during fruit ripening have been reported in tomato, [16] [17] [18] apple (Malus domestica 19) ), muskmelon (Cucumis melo L. 20) ), mango (Mangifera indica 21) ), kiwifruit (Actinidia deliciosa 22) ), persimmon (Diospyros kaki 23) ), Japanese pear (Pyrus pyrifolia 24) ), coffee (Coffea arabica 25) ), orange (Citrus sinensis 26) ), peach (Prunus persica 27) ), strawberry (Fragaria Â ananassa Duch. 28) ), and papaya (Carica papaya L. 29) ). These -galactosidases are characterized as or predicted to be -galactosidase II, which has exogalactanase activity and is a member of GHF 35 .
A significant net loss of galactose from cell walls occurs during fruit ripening. [30] [31] [32] Galactosyl residues mainly exist as side chains bonding rhamnogalacturonan I (RG I) in pectin. [33] [34] [35] These findings suggest that degradation of galactosyl residues is involved in pectin depolymerization and solubilization and that -galactosidase plays an essential role in fruit softening. Thus, understanding the function of -galactosidase is important for examining the processes underlying fruit development, ripening.
In our research, an increase in -galactosidase activity appeared during fruit ripening in bell pepper and several other fruits. In the present study, we isolated -galactosidase protein and its gene from bell pepper fruit. Enzymatic characterization indicated that the purified enzyme was an exo-1,4--D-galactanase to be classified as -galactosidase II. A significant net loss of galactosyl residues from the cell wall, especially pectic polyy To whom correspondence should be addressed. Tel: +81-22-717-8777; Fax: +81-22-717-8778; E-mail: satoshi-ogasawara@aist.go.jp Abbreviations: HGA, homogalacturonan; RG I, rhamnogalacturonan I; dpp, days post-pollination; CDTA, 1,2-cyclohexanediamine-N,N,N 0 ,N 0 -tetraacetic acid; IAP, ionically associated pectin; CBP, covalently bound pectin; HF, hemicellulosic fraction; CF, cellulosic fraction saccharides, occurred during fruit ripening, suggesting that -galactosidase is a pectin-modifying enzyme. Moreover, we found that this -galactosidase was expressed prior to that of endo-polygalacturonase. In this study, we discuss the mechanisms of fruit ripening based on the enzymatic properties of -galactosidase, chemical analysis of cell-wall polysaccharides, and the expression pattern of pectin-degrading enzymes.
Materials and Methods
Plant material. Bell pepper (C. annuum) plants were grown in a greenhouse by standard cultural practices. Flowers were labeled at anthesis, and fruit was harvested according to the number of dpp, or based on surface color using the ripeness stages. 36) ''Mature green'' (MG) indicates that the fruit has ripened fully, approximately dpp 40. ''Turning'' (T) indicates that the areas of green and red color are roughly equal. ''Red'' (R) indicates that the fruit color is completely red. ''Over-ripened'' (OR) fruit grows for approximately 10-15 d after fruit color turns red completely. The maturity stage of leaf is determined by its length: an immature leaf is 2-3 cm, and a mature leaf is more than 5 cm. All tissues for protein, sugar, and genetic studies were used immediately post-harvest, or stored at À80 C.
Chemicals. We were purchased the following chemicals from Sigma (St. Louis, and oligosaccharides and polysaccharides containing galactocyl  residue, methyl- 
, lactose, lactulose, and gum Arabic. Lupin galactan was purchased from Megazyme (Ireland), and larchwood arabinogalactan was provided by Dr. Toshihiko Ooi (Hokkaido University, Japan).
Preparation of crude enzymes and assay of glycosidases. Crude enzymes was prepared from various tissues of bell pepper and used for assay of glycosidases. Approximately 1-5 g of tissues from three to five bell pepper plants were homogenized in an equal weight of ice-cold 100 mM sodium-phosphate buffer (pH 6.0). The extracts were centrifuged at 4 C for 20 min at 10 000 g, and the supernatant was dialyzed against 10 mM sodiumphosphate buffer (pH 6.0) at 4 C. The resulting supernatants were used for glycosidase assay as crude enzymes. Glycosidase activities were determined by measuring the release of p-nitrophenol from pNPglycoside substrates. The reaction mixture consisted of 10 ml of 1 M sodium acetate buffer (pH 5.0), 10 ml of 10 mM pNP-glycoside substrate, and crude enzyme, brought to a final volume of 100 ml with H 2 O. The mixtures were incubated at 50 C for 20 min. After incubation, 50 ml of 0.5 M Na 2 CO 3 was added to the mixture to stop the reaction. Released p-nitrophenol was measured from its absorbance at 410 nm. One katal (kat) of activity was defined as the amount that releases 1 mol p-nitrophenol per s at 50 C.
Purification of -D-galactosidase from bell pepper fruit. Red-stage fruit was used for the purification of -D-galactosidase. All purification procedures were performed at 4 C. Seeds were removed from red-stage fruit, and 200 g of fruit tissue was homogenized in 10 mM sodium-phosphate buffer (pH 6.0) containing 1 M NaCl in a blender for 1 min and stirred for 1 h. Then the homogenate was filtered with Miracloth (Calbiochem, La Jolla, CA) and centrifuged at 10 000 g for 20 min at 4 C. The supernatant was dialyzed against 10 mM sodium-phosphate buffer (pH 6.0), and the resulting supernatants were used for the next purification step as crude enzyme.
A 2:8 Â 12:0-cm column was filled with 70 ml of DEAE Toyopearl 650S (Tosoh, Tokyo) and equilibrated in 150 ml of 10 mM sodium-phosphate buffer (pH 6.0). The crude enzyme was added and washed with 100 ml of the same buffer. -galactosidase activity was mainly contained the flow-through fractions. The flow-through and wash fractions were concentrated and equilibrated in 10 mM sodium-phosphate buffer (pH 6.0) containing 2 M ammonium sulfate and loaded on a butyl-Toyopearl 650M (Tosoh) column (3:0 Â 11:0 cm). Proteins were eluted with the same buffer, followed by a 2.0 to 0.0 M ammonium sulfate linear gradient. 5 ml fractions were collected and assayed for -galactosidase activity. Peak fractions showing -galactosidase activity were pooled and concentrated to about 5 ml. This fraction was loaded on a Toyopearl HW55F (Tosoh) column (2:6 Â 95:0 cm) and eluted with 10 mM sodium-phosphate buffer (pH 6.0). 3 ml fractions were collected and assayed forgalactosidase activity. Peak fractions showing -galactosidase activity were pooled and concentrated to about 3 ml. This fraction was loaded on a Superdex 200 HR16/60 column (Amersham Pharmacia Biotech, Uppsala, Sweden) and eluted with 10 mM sodium-phosphate buffer (pH 6.0) containing 200 mM NaCl. Fractions of 1.0 ml were collected at a flow rate of 1.0 ml/ min. HMW and LMW Gel Filtration Calibration Kits (Amersham Pharmacia Biotech, Uppsala, Sweden) were used to determine the approximate molecular masses of purified protein.
Enzyme characterization. Purified -galactosidase was analyzed by SDS-PAGE using 10% polyacrylamide gels. Standard markers (New England Bio Labs, Beberly, MA) were used to determine the approximate molecular masses of purified proteins in gels stained with 0.2% (w/v) Coomassie Brilliant Blue R-250.
The pH optimum of purified -galactosidase against pNP--D-galactopyranoside was determined in BrittonRobinson buffer (pH 2-12) and sodium acetate buffer (pH 3.2-5.9). The temperature optimum of purifiedgalactosidase against pNP--D-galactopyranoside was determined to be C. The reaction conditions were as described above.
Other glycosidases tested against 13 pNP-glycoside substrates were assayed under the above conditions. Activity against other substrates containing galactose residues were assayed by measuring released galactose content by HPLC. The reaction mixture consisted of 10 ml of 1 M sodium acetate buffer (pH 4.1), 10 ml of 1% substrate, and purified enzyme, brought to a final volume of 100 ml with de-ionized H 2 O. The mixture was incubated for 1 h at 30 C and then boiled to stop the reaction. Released galactose contents were estimated using a gel permeation chromatography TSKgel G2000PW (Tosoh) column.
Protein concentrations at each purification step were determined using a BCA Protein Assay Reagent Kit (Pierce, Rockford, IL). Purified protein was run on SDS-PAGE and blotted on a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA). The membrane was stained with Coomassie Brilliant Blue R-250, and the band of purified protein was cut out and sequenced from the N-terminus using an Applied Biosystems 491A gas-phase protein sequencer, and analyzed by the Model 610A (Applied Biosystems, Tokyo) software.
Preparation of cell-wall materials and fractions. Cell walls of bell pepper fruits were prepared according to a slightly modified version of the method described by Jarvis et al. (1981) . Approximately 200 g of bell pepper fruits (minus seeds) were homogenized in 400 ml of 20 mM sodium-phosphate buffer (pH 6.0) for 1 min using a blender. After the homogenate was filtrated through Miracloth, the residue was washed with 200 ml of the same buffer and then 200 ml of phenol:acetic acid:H 2 O (2:1:1, w/v/v) to inactivate endogenous wallassociated enzymes, 37, 38) and suspended in 200 ml of chloroform-methanol (1:1, v/v) for at least 10 min. The suspension was then filtered through a sinteredglass filter, and the residue was washed with 200 ml of chloroform-methanol solution. The residue was suspended in 200 ml acetone for 10 min, filtered, and washed with 600 ml of acetone. Cell-wall material was dried in vacuo.
Procedures for fractionating cell-wall material followed methods of tomato fruit. 30, 37, 39) 1 g of cell-wall material was suspended in 100 ml of 50 mM sodium acetate buffer (pH 6.5) containing 50 mM 1,2-cyclohexanediamine-N,N,N 0 ,N 0 -tetraacetic acid (CDTA) and incubated on a shaker at 25 C for 6 h. The suspension was filtered and the residue washed with 25 ml of the same solution. These filtrates were collected and dialyzed against H 2 O for 72 h at 4 C and lyophilized (providing the ionically associated pectin, IAP, fraction). The residue was suspended in 100 ml of 50 mM Na 2 CO 3 containing 2 mM CDTA and incubated with constant stirring for 20 h at 4 C, then for 1 h at 25 C. The suspension was filtered, and the residue was washed with 25 ml of the same solution. These filtrates were collected, neutralized to pH 6.5 with acetic acid (temperature kept below 35 C), dialyzed against H 2 O for 72 h at 4 C, and lyophilized (providing the covalently bound pectin, CBP, fraction). The residue was suspended in 100 ml of 4 M KOH containing 100 mM NaBH 4 and incubated for 1 h under N 2 at 25 C on a shaker. The suspension was filtered, and the residue was washed with the same solution. These filtrates were collected, neutralized to pH 6.5 with acetic acid (temperature kept below 35 C), dialyzed against H 2 O for 72 h at 4 C, and lyophilized (providing the hemicellulosic fraction, HF). The residue was washed with 200 ml H 2 O and lyophilized (providing the cellulosic fraction, CF).
Carbohydrate analysis. Polysaccharides of cell-wall material were hydrolyzed with H 2 SO 4 . 10 g of cellwall material was suspended in 0.5 ml of 27 N H 2 SO 4 and incubated for 5 h at 4 C. Then 13 ml H 2 O was added (final H 2 SO 4 concentration, 1 N) and incubated for 24 h at 100 C. The suspension was neutralized with BaCO 3 and centrifuged. The supernatant was deionized with Dowex (Dow Chemical, Midland, MI) 50W-X2 (H þ form) and used as the carbohydrate analysis sample.
Total sugar content was measured by the phenol-H 2 SO 4 , 40, 41) and glucose was used as the standard sugar. A neutral sugar was analyzed with an HPLC system using a Shodex Sugar SP0810 column (Showa Denko, Tokyo). This column was not able to separate D-galactose and L-rhamnose, so D-galactose content was measured by the galactose-oxidase method using an Amplex Red Galactose/Galactose Oxidase Assay Kit (Molecular Probes, Eugene, OR) according to the manufacturer's instructions. L-rhamnose content was calculated based on these results. Uronic acid content was measured by the carbasole-H 2 SO 4 method, 42) and galacturonic acid was used as the standard.
Enzyme action against native substrates. Cell-wall material, IAP, CBP, HF, and CF from mature green and red fruits were used as native substrates. 1 mg of substrate was added to 20 ml dimethyl sulfoxide (DMSO) and vortexed for 1 h, then 20 ml of 1 M sodium acetate buffer (pH 4.1) and purified enzyme were added, and the final volume brought to 200 ml with H 2 O. The reaction mixtures were incubated for 1, 2, 3, 6, and 12 h at 30 C. Released galactose contents were measured by the galactose-oxidase method, as described above. After hydrolysis in 4 N trifiuoroacetic acid (TFA) for 3 h at 100 C, the total galactose content of each fraction was measured by the same method.
Total RNA extraction. Total RNA was isolated from various tissues. Tissues were frozen in liquid nitrogen immediately after harvest, ground to a powder, and extracted using the Sepasol-RNA Super (Nacalai Tesque, Kyoto, Japan) according to the manufacturer's instructions. Extracted RNA was stored at À80 C until used in the cloning study and expression analysis.
PBG1 and partial PPG1 cDNA clone isolation. A PBG1 cDNA clone was isolated from red-stage fruit using RT-PCR and 5 0 -RACE. 5 mg of total RNA treated with DNA I was used to synthesize the first-strand cDNA using SuperScript II (Invitrogen, Carlsbad, CA) reverse transcriptase. The primer used for reverse transcription was an oligo d(T) 26 . Three PCR primers were designed based on the conserved amino acid and nucleotide sequences of tomato's seven -galactosidases, TBG1-7 (accession nos. TBG1, AF023847; TBG2, AF154420; TBG3, AF154421; TBG4, AF020390; TBG5, AF154423; TBG6, AF154424; and TBG7, AF154422) reported by Smith and Gross (2000) and based on the amino terminal sequence of the purified protein. The primers were PBG1-S1 (AACCGCTAG-CTTTAGACATG), PBG1-S2 (ACTAGCTATGATTA-TGATGC), and PBG1-N (GATGATAGAGCTATTGT-TATTAATGG). PCR was performed with PBG1-N and oligo d(T) 26 against cDNA. This PCR product was used as template, then nested PCR was performed with PBG1-S1-PBG1-A or PBG1-S2-PBG1-A. PCR products were cloned using pGEM-T Easy Vector (Promega, Tokyo) according to the manufacturer's instructions.
Next, 5 0 -RACE was performed to isolate the 5 0 -end of PBG1. Five gene-specific primers were designed based on the partial PBG1 sequence: RACE-RT (TGTGCTG-CGTATCCAGGCCA), RACE-S1 (AACCGCTAGCTT-TAGACATG), RACE-S2 (TGGGGAAAGGTCAGA-TATGG), RACE-A1 (CTAAATGTTGCCTTGTACC), and RACE-A2 (ACCAGTGAACCTTGAACCC). First, 5 mg of total RNA treated with DNA I was used to synthesize the first-strand cDNA using RACE-RT primer pretreated with kinase. This cDNA was ligated by T4 RNA ligase (New England Bio Labs, Beberly, MA). PCR was then performed with RACE-S1 and RACE-A1 primers, then nested PCR was performed with RACE-S2 and RACE-A2 primers. The PCR product was sequenced as described above.
A partial PPG1 cDNA clone was isolated using four primers designed on the conserved amino acid and nucleotide sequences of endo-polygalacturonase from tomato (accession nos. A15981, AF000999, AF001000, AF01001, AF001002, AF001003), muskmelon (AF062465, AF062466, AF062467), peach (X77231), apple (L27743), and avocado (X66426, L06094). The sequences of the primers were PPG1-S1 (TTTGGAGC-TAAGGGTGATGG), PPG1-S2 (CTTGTGGTCCAGG-TCATGG), PPG1-A1 (ACCTTTGTTGCACTTGTG-CC), and PPG1-A2 (ATACCATGACCTGGACCAC). PCR was performed with PPG1-S1 and PPG1-A1 against cDNA. This PCR product was then used as a template, and nested PCR was performed with PPG1-S2 and PPG1-A2. This PCR product was sequenced as described above.
DNA sequencing and sequence analysis. Sequencing was carried out using the BigDye Terminator v.3.1 Cycle Sequencing kit (Applied Biosystems) according to the manufacturer's instructions, and analyzed using an ABI Prism 377 DNA sequencing system (Applied Biosystems). Nucleotide and deduced amino acid sequence comparisons were made against the BLAST databases. Sequence data were analyzed and aligned using Genetyx-MAC v.11.0.2 (Genetyx, Tokyo) software. Protein classification was performed using the interactive web site ClustalW (http://www.ddbj.nig. ac.jp/search/ex clustalw-j.html). Signal sequence predictions were made using the interactive web sites PSORT 43) (http://psort.nibb.ac.jp/) and SignalP 44) (http:// www.cbs.dtu.dk/services/SignalP/).
Expression analysis by qRT-PCR. cDNA was synthesized from various tissues as described above. The primers for qRT-PCR were designed using the interactive web site Primer3 45) (http://frodo.wi.mit.edu/cgibin/primer3/primer3 www.cgi). Capsicum annuum glyceralhyde-3-phosphate dehydrogenase (GAPDH) subunit gapC1 sequence was used as the reference housekeeping gene (accession no. AJ246011). The sequences of the primers were PBG1-qPCR-S (GAAGACACGCCGAC-TGCTGA), PBG1-qPCR-A (ACACATGACCAGCCG-ACATA), PPG1-qPCR-S (ACCCACGGCCTTAACT-TTCT), PPG1-qPCR-A (TACCATGACCTGGACCA-CAA), GAPDH-qPCR-S (GAAGAATTGGTCGATTG-GTG), and GAPDH-qPCR-A (CCCCGTTGACTCTAC-GACAT). qRT-PCR was performed using the DyNAmo SYBR Green qPCR Kit (Finnzymes, Espoo, Finland). PBG1, PPG1, and GAPDH mRNA expressions were measured using the DNA Engine Opticon2 (MJ Research, Tokyo). Values were normalized by dividing the copies of the genes of interest (PBG1 and PPG1) by the copies of the reference gene (GAPDH). All standard and sample PCR assays were performed in triplicate, and results are reported as averages.
Results

Glycosidase activities in tissues during development and ripening
Glycosidase activities from various tissue extracts (root; immature and mature leaf; immature = approximately day post-pollination, dpp [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , mature green, turning, and red fruit) were assayed using p-nitrophenyl glycoside substrates (Fig. 1) . All tissues showed some glycosidase activity. -mannosidase, -galactosidase, and -galactosidase activities were prominent, whereas other glycosidase activities were small. -mannosidase and -galactosidase showed high activities in all tissues and stages, whereas -galactosidase activity was detected mainly in fruits. In red fruit, -galactosidase activity increased dramatically (approximately 5-fold in comparison with the immature fruit).
Sugar composition of the cell-wall Cell-wall materials were prepared from mature green and red-stage fruits using the method of Gross.
30) The sugar compositions were analyzed as described in ''Materials and Methods,'' and are shown in Fig. 2 . The most prominent changes between the green and red fruits were in galactose content, which decreased approximately 80% in the red fruit compared with the Crude enzyme was extracted from various bell pepper plant tissues. Tissues were harvested from root (R), immature leaf (IML), mature leaf (ML), immature fruit (IMF, dpp 15), mature green fruit (MG, dpp 40), turning (T), and red-stage fruit (Rd). One katal (kat) of activity was defined as the amount that releases 1 mol p-nitrophenol per s at 50 C from pNP-glycoside substrates. A, High-activity glycosidases: 1, -galactopyranosidase; 2, -galactopyranosidase; 3, -mannopyranosidase. B, Medium-activity glycosidases: 1, -arabinopyranosidase; 2, -arabinopyranosidase; 3, -arabinofranosidase; 4, -glucopyranosidase; 5, -glucopyranosidase; 6, -xylopyranosidase, 7, -xylopyranosidase. C, Low-activity glycosidases: 1, -fucopyranosidase; 2, -fucopyranosidase; 3, -mannnopyranosidase; 4; -rhamnopyranosidase. levels in the green fruit. Hence, -galactosidase might act against galactosyl residues in cell wall polysaccharides in vivo. The arabinose content decreased approximately 40% in the red fruit as compared to levels in the green fruit. The contents of other sugars changed only slightly.
Purification and characterization of -galactosidase -galactosidase was purified to homogeneity through four steps (Table 1 ). The enzyme, purified 108-fold over the crude homogenates from red-stage fruit, provided an 8% yield with a specific activity of 992 mkat/kg protein.
Estimation of the molecular mass of the enzyme by SDS-PAGE showed 77.5 kDa and 80 kDa according to gel filtration analysis, indicating that the enzyme was a monomeric protein (Fig. 3) . The highest activity of the enzyme was found at pH 4.1, and the temperature optimum was 50 C. The N-terminal sequence of the purified protein was NVSYDDRAIVINGKRKILIS. This sequence had 90% homology with tomatogalactosidase TBG4 (accession no. AAC25984).
Substrate specificities and mode of action Purified -galactosidase showed specificity for various p-nitrophenyl (pNP)-glycoside substrates ( Table 2 ). The purified -galactosidase had 7% pNP--L-arabinofuranosidase activity, and other glycosidase activities were very low, indicating that -galactosidase activity One katal (kat) of activity was defined as the amount that releases 1 mol p-nitrophenol per s at 50 C from pNP--D-galactopyranoside.
has high specificity against the -galactosyl linkage. The enzyme showed activity with other chemicals containing galactosyl residue, such as 5-bromo-4-chloro-3-indolyl--D-galactopyranoside (X-Gal), 4-methylumbelliferyl--D-galactopyranoside (4-MU--Gal), and 6-bromo-2-naphthyl--D-galactopyranoside (data not shown), but not with methyl--galactopyranoside. The enzyme also hydrolyzed disaccharide and polysaccharide substrates containing a -1,4-galactosyl linkage, such as -1,4-galactobiose, lactose, and lactulose, and was most active against the polysaccharide substrate lupin galactan. But, little activity was recorded with substrates containing a -1,3-and -1,6-galactosyl linkage, such as -1,6-galactobiose, gum arabic, and larchwood arabinogalactan (Table 3) . High-performance liquid chromatography (HPLC) analysis of the hydrolysis products from lupin galactan showed continuous release of D-galactose throughout the reaction, indicating that the enzyme hydrolyzes galactan to the exo-type. These findings suggest that this purified -galactosidase is exo-1,4--Dgalactanase and is to be classified as -galactosidase II. Relative activity
We incubated 10 mM pNP-glycoside substrate at 50 C for 20 min with 0.4 pkat of -galactosidase activity against pNP--D-galactopyranoside. Percentages of each glycosidase activity are shown relative to the activity against pNP--D-galactopyranoside. N.D., not detected. 
Hydrolysis of cell-wall fractions by exo--1,4-Dgalactanase
Cell-wall materials from mature green and red-stage fruit were fractionated to ionically associated pectin (IAP), covalently bound pectin (CBP), hemicellulosic fraction (HF), and cellulosic fraction (CF). Table 4 shows the total galactose content of these cell-wall fractions and the release of galactose residues from the fractions under exo-1,4--D-galactanase treatment.
Total galactose content of the fractions from the red fruit was less than that in the mature green fruit. The greatest decrease in total galactose content after ripening was in CBP (more than 90%). The green fruit CBP was mostly hydrolyzed by purified exo-1,4--D-galactanase, with an activity level similar to that against lupin galactan. Purified exo-1,4--D-galactanase showed little activity against IAP, HF, or CF.
Isolation of PBG1 and PPG cDNA clones
We isolated a bell pepper -galactosidase (PBG1) clone from red-stage fruit. Capsicum annuum is a member of the Solanaceae and has highly similar (> 90%) gene/protein homology with tomato, another solanaceous plant. The cloning primers were designed based on the most highly conserved regions of tomatogalactosidase and the N-terminal sequence of purified -galactosidase. Using RT-PCR and rapid amplification of cDNA 5 0 -ends (5 0 -RACE), a PBG1 cDNA clone was isolated. The open reading frame (ORF) of PBG1 was 2,175 bp (accession no. AB080296). We also isolated a bell pepper endo-polygalacturonase (PPG1) clone from red-stage fruit. The cloning primers were designed on plant endo-polygalacturonases from tomato, apple, avocado, strawberry, and muskmelon. Partial PPG1 cDNA was isolated, and the ORF was 935 bp (accession no. AB193104).
Sequence analysis
The ORF of the PBG1 cDNA clone and the deduced amino acid sequence shared a similar homology to that of published plant -galactosidases. PBG1 had an especially high homology (91%) with tomatogalactosidase TBG4 (accession no. AAC25984), and an approximately 70% homology with apple (AAA62324), papaya (AAC77377), pear (CAH18936), Japanese pear (BAB21493), citrus (AAK31801), and mango (AAB61470). Based on a phylogenetic analysis of shared amino acid sequence identity, other plantgalactosidases were closely related to PBG1 (Fig. 4) . PBG1 contains the putative active site-containing consensus sequence pattern G-
Using the two prediction programs SignalP and PSORT, PBG1 was predicted to have a signal sequence of 1-23 amino acid residues. This mature amino acid sequence (from 24 amino acid residues) corresponds to the N-terminal amino acid sequence of purified 77.5-kDa -galactosidase. Both programs predicted that PBG1 protein had a signal peptide to be secreted. The deduced amino acid sequence of the PBG1 clone was also analyzed using the program Genetyx-MAC. The predicted molecular mass, pI, and potential N-linked glycosylation sites of PBG1 were 77.6 kDa, 7.8, and 3 positions (24, 282, and 459 residues). The predicted molecular mass of PBG1 was close to that of purifiedgalactosidase analyzed by means of SDS-PAGE, which indicates that PBG1 encodes a 77.5-kDa -galactosidase purified from red-stage fruit.
The ORF of the PPG1 cDNA clone and the deduced amino acid sequence were analyzed via a BLAST search. PPG1 is homologous to published plant endopolygalacturonases and contains the GHF 28 domain. Hence PPG1 cDNA might encode endo-polygalacturonase protein in bell pepper fruit. The temporal expression pattern of PBG1 and PPG1 in fruit tissue was examined using RNA extracted from dpp 10, 20, 30, and 35 and mature green, turning, red, and over-ripened fruit tissues (except seeds). Transcripts for the PBG1 gene were detected during all stages of fruit development (Fig. 6 ). PBG1 transcript increased at the turning stage, peaked at the red stage, and gently declined at the over-ripened stage. Although the PPG1 transcript was not detected in any of the early stages of fruit development (prior to the turning stage), it increased drastically and exceeded the PBG1 transcript level at the red stage and increased further at the over-ripened stage. Thus the arising of PBG1 expression occurred prior to that of PPG1.
Expression analysis Tissue specificity Quantitative RT-PCR (qRT-PCR) analysis was per-
Discussion
Our research showed that -galactosidase activity increased approximately 5-fold during fruit development and ripening, whereas the activity level of other Unrooted phylogenetic tree produced using ClustalW followed by PHYLIP based on the neighbor-joining method. a , purified or isolated from fruit tissue;
b , containing a galactose-binding lectin domain in the sequence. Species and accession numbers: apple, AAA62324; asparagus, CAA54525; avocado, BAB83260; broccoli, CAA59162; citrus, AAK31801; grape berry, AAK81874; Japanese pear, BAB21492; mango, AAB61470; papaya, AAC77377; pear, CAH18936; radish, BAD20774; strawberry (1) CAC44500, (2) CAC44501, (3) CAC44502; soybean, AAQ62586; tomato, TBG1, AAF21626; TBG2, AAF70821; TBG3, AAF70822; TBG4, AAC25984; TBG5, AAF70824; TBG6, AAF70925; TBG7, AAF70823; tobacco, CAC13966. Total RNA extracted from all fruit tissues except seeds. Fruits were harvested at dpp 10, 20, 30, and 35 , and at the mature green (MG), turning (T), red (Rd), and over-ripened stages (OR). Levels of PBG1 (circles) and PPG1 (triangles) transcripts are shown relative to GAPDH levels. Error bars represent the standard deviation. glycosidases did not change significantly (Fig. 1) . A significant net loss of galactosyl residues occurred in the cell wall of red fruit as compared to mature green fruit (Fig. 2) , indicating that -galactosidase might play an important role in fruit ripening and softening. Recently, -galactosidase was found to be a pectin-modifying enzyme related to fruit softening. 19, 20, 46, 47) To understand the role of -galactosidase in fruit maturing and ripening mechanisms better, we isolated -galactosidase from bell pepper fruit.
A 77.5-kDa -galactosidase protein was purified from red-stage bell pepper fruit (Fig. 3) . The substrate specificity showed that this -galactosidase was an exo-1,4--D-galactanase to be classified as a kind of -galactosidase II. -galactosidase II is active against pNP--D-galactopyranoside and polysaccharides of -1,4-galactan, releasing galactose from the nonreducing end.
-galactosidase II has been found in tomato, apple, muskmelon, and persimmon fruits. 19, 20, 46, 47) Moreover, purified -galactosidase was most active against the mature green CBP, which contains the highest amounts of galactose of all the fractions we examined. HFs were suitable substrates for purified exo-1,4--D-galactanase, but due to spatial obstructions in the cell-wall structure, there are few interactions with the enzyme in vivo. CFs were not good substrates for exo-1,4--D-galactanase, as shown by the very few -1,4-linked galactosyl residues in CFs.
Arabinosidase activities did not change during bell pepper fruit ripening, in spite of evidence of a decrease in arabinose content in the cell wall during fruit ripening. 32, 48) Arabinosyl residues are side chains of RG I in pectin 34, 35) and arabinogalactan protein. Hence decreases in arabinose in the cell-wall might play an important role in fruit ripening, but we did not find any significant change in arabinosidase activities in bell pepper fruit.
We purified only exo-1,4--D-galactanase from the red-stage fruit in this study. Other fractions showedgalactosidase activity in the purification steps, however, so -galactosidase isozymes might exist in bell pepper fruit. For example, three -galactosidase isozymes were partially purified in tomato fruit, 16) and sevengalactosidase cDNA clones were isolated.
18) -galactosidase isozymes were reported in strawberry, 28) papaya, 29) mung bean, 49) and Arabidopsis, 50) 10 or moregalactosidase genes were deduced based on a BLAST search. In addition, -galactosidases have been reported from tissues other than fruit. 39, [51] [52] [53] Hence -galactosidase isozymes exist in plants, and each enzyme might have a particular role in tissue growth.
A PBG1 cDNA clone shared a similar homology with tomato -galactosidase TBG4 and other plant -galactosidases from fruits belonging to GHF 35. The phylogenetic tree of -galactosidases is shown in Fig. 3 , and three major groups are distinguished. We found common characteristics among group IIIgalactosidases on the tree. They have molecular masses in the range of 70-80 kDa, a signal peptide is predicted to be secreted, no galactose-binding lectin domain is contained in their C-terminal ends, and they are mainly purified or isolated from fruit tissues. These properties of group III -galactosidases might hydrolyze cell wall galactan and promote fruit ripening and softening more easily than other group -galactosidases.
The expression localization and the pattern and level of PBG1 released during bell pepper development were different from those in TBG4 (Figs. 5 and 6 ) in spite of their homology. 18) Silencing of TBG4 expression suppressed fruit softening.
54) PBG1 appears to play a main role in -galactosidase activity in ripening and softening fruit among some -galactosidase isozymes. The roles of PBG1 and TBG4 in bell pepper and tomato fruit ripening may be different, and this difference may be due to the plants' respective cell-wall structures.
To clarify the role of PBG1 in bell pepper fruit ripening, its time course of expression was compared with endo-polygalacturonase PPG1, the enzyme mainly responsible for fruit softening by hydrolyzing HGA in pectin (Fig. 6) . The results showed that the expression of PBG1 occurred prior to that of PPG1, indicating that PBG1 has an important role in the ripening process. Understanding the different expression patterns of PBG1 and PPG1 during fruit ripening may help to reveal the mechanisms underlying fruit ripening. Tomato is a climacteric fruit that produces ethylene, known as a plant hormone, during fruit ripening. 54, 55) Ethylene is the dominant trigger for ripening in climacteric fruit, and introduces fruit ripening-related enzymes, such as endopolygalacturonase. 56) On the other hand, bell pepper is a non-climacteric fruit that produces no or only a little ethylene during fruit ripening. 57) Preceding the expression of -galactosidase activity and the increase of released galactose, there may be influence on the expression of endo-polygalacturonase, fruit ripening, or firmness. Moreover, suppression of endo-polygalacturonase in tomato fruit did not completely stop fruit ripening. 58) According to our findings, exo-1,4--Dgalactanase hydrolyses -1,4-galactosyl residues that are side chains in RG I of pectin. Release of galactosyl residues from RG I should affect the cell-wall structure and galactose content in the cytosol. These changes may influence fruit firmness directly, and indirectly act on activation or introduction of endo-polygalacturonase. Based on the results of the present study and previous reports, [59] [60] [61] we suggest the tentative model of fruit softening illustrated in Fig. 7 . -galactosidase PBG1 expresses in the early stage of bell pepper ripening, and hydrolysis of -1,4-galactosyl residues HGA in pectin causes a loss of fruit firmness and activation or introduction of endo-polygalacturonase. After that, endopolygalacturonase hydrolyses RG I in pectin, and fruit ripening proceeds further. So -galactosidase PBG1 plays a significant role in fruit ripening and softening as a pectin-modifying enzyme. A to B, As fruit went from the turning to the red stage, the expression level of -galactosidase PBG1 increased drastically. Oligo--1,4-galactosyl residues attached to RG I were hydrolyzed by PBG1. As a result, the side chain structures in the pectin complex were decomposed markedly and a considerable amount of space was generated in the matrix structure, with an increase in hydrolyzed free galactose residues in the cytosol fraction. These events might bring about changes in carbon metabolism, firmness of the fruit, and activity or expression of endopolygalacturonase. B to C, As the fruit went from red to over-ripened, the expression level of endo-polygalacturonase PPG1 increased drastically, and homogalacturonan backbones were partially hydrolyzed by PPG1. In over-ripened fruit, this softening activity was most intense.
